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A new particle usually manifests itself as a single resonant peak located at its mass. We propose
if the new particle mass is time-varying due to environmental effects, then its mass spectrum typically has a novel double-peak feature. A representative model is the kinetic mixing dark photon
interacting with an ultralight complex scalar dark matter charged under U (1)0 . We reanalyze the
existing experiments, showing the constraints on such a model are drastically weakened than those
on the traditional single-peak resonance model, due to the reduction of the luminosity exposure
in each resonant mass bin. Consequently, for mass around tens of MeV, the muon gµ –2 solution
from the kinetic mixing dark photon becomes viable again. The scenario can be further tested by
reanalyzing the existing data with timing information included.

I.

INTRODUCTION

The idea of varying fundamental constants can be
traced back to the 1930s from Dirac [1], whereas more
contemporary literature predicts variations of the fine
structure constant, nucleon mass, electron-to-proton
mass ratio, gauge, and gravity couplings at cosmological time scale [2–5]. Recently, people proposed those
time-varying fundamental constants could originate from
ultralight bosonic dark matter (DM) [6–8]. It can induce time oscillation in Standard Model (SM) gauge couplings and fermion masses, where the variation period
is related to the DM mass [9–11]. Transient temporal
changes can also be induced by topological DM [12–14].
Such scenarios can be probed in atomic, molecular, and
optical physics, Oklo phenomenon and astrophysical experiments [5, 15, 16].
While previous literature mainly considers the timevarying effects of SM couplings and masses in low energy
experiments, in this work, we consider the time oscillation
of the dark sector particle mass and its implication at
high energy colliders and beam dump experiments. In
general, it can reduce the luminosity exposure in each
resonant mass bin, changing the experimental constraints
drastically. Furthermore, the invariant mass spectrum
has the multi-peak (typically double-peak) feature rather
than the traditional single-peak feature.
The illustrative example is the kinetic mixing dark
photon model [17–19] mediating the SM and dark sector
with mixing strength  [6, 20–23]. Particle experiments
have placed stringent bounds on  and mass mA0 [24, 25].
In particular, the parameter space explaining the recent
muon (g − 2)µ excess [26, 27] has been ruled out [25, 28].
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However, we show that, if there is an ultralight scalar
DM φ charged under the dark U (1)0 , then it can induce
a periodic oscillation of A0 mass. It significantly weakens
the existing collider and beam dump bounds, especially
the resonance of dilepton searches [29–34], that even
the highly excluded dark photon solution to muon gµ –2
becomes viable again. Moreover, we propose using the
time information of the recorded events, which can place
more stringent limits on the signal and is possible to pull
out the oscillation period if the signal does exist. Our
analysis can apply similarly to other dark mediators.
II.

TIME-VARYING MASS OF THE PARTICLE

We assume the resonant particle has a time dependent
mass mres (t) due to environmental effects, and further
take a time oscillating form with period of τ ,
m2res (t) = m2res (t + τ ).

(1)

For the resonant searches, the invariant mass of the event
changes with time, thus the strategy of looking for resonance in a fixed bin suffers from the reduced time exposure in that bin and the leakage into other bins. If the
data taking time texp  τ and the experiment analyzes
the full data in a time-blind way, then the relevant physical quantity is the time exposure ∆ti in the ith mass bin
[mi , mi+1 ], with the expression
Z
texp mi+1 dt
∆ti =
dmres .
(2)
τ mi
dmres
Instead of a narrow resonance, the signal has a spread
template fully determined by dt/dmres . Then, the event
number in ith bin is
(i)
Ni = σres
i L
(i)

∆ti
,
texp

(3)

where σres and i are the resonant production crosssection and cut-efficiency for ith bin, respectively, while
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III.

MODEL SETUP

We consider a kinetic mixing dark photon A0 with
U (1)0 interaction,
1 0 0µν 1 2 0 0µ
µ
F
+ m0 Aµ A + eA0µ Jem
,
L = − Fµν
4
2

(5)

and at late time it is locally described by the classical
wave function φ(t),
φ(t) ≈ φ1 cos(mφ t) + φ2 sin(mφ t),

(6)

where φ1,2 are the complex
field strengths, satisfying

ρDM ≈ |φ1 |2 + |φ2 |2 m2φ in the non-relativistic limit.
In the scalar quantum electrodynamics (QED), one can
have the following four-point vertex
∗

2

(Dµ φ) Dµ φ ⊃ (g 0 Qφ ) φ∗ φA0µ A0µ .

f ( y)∝ |dt/dm A'|
3% smearing
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Figure 1. The normalized PDF f (y) before and after smearing
with a detector resolution of 3%.

The mass ratio y(t) ≡ m√A0 (t)/m̃0 has minimum ymin =
1 and maximum ymax = 1 + κ respectively, and oscillates with time period of τ ≡ π/mφ . From Eq. (2), the
invariant mass bin has a time exposure proportional to
dt
τ
=
f (y),
dmA0
m0

(11)

(4)

where  is the kinetic mixing strength which controls
the strength of A0 coupling to electromagnetic current
Jem . The mass m0 is a constant from U (1)0 spontaneously breaking. In addition, we consider a complex
scalar DM φ with small charge Qφ under U (1)0 . The
ultralight scalar DM obtains its relic abundance through
misalignment mechanism [35–38], satisfying the equation
of motion
φ̈ + 3H φ̇ + m2φ φ = 0,

1.0

f ( y)

L is the total luminosity. Since the particle production
and decay happen very quickly, the resonant mass is unchanged in a single event. Therefore, the difference between our analysis and the previous resonant analysis is
fully described by the time exposure fraction ∆ti /texp .
There is a double-peak feature in the time-varying mass
scenario that the peaks must show up at the minimum
and maximum of resonant mass. Assuming the function mres (t) is continuous and differentiable, the physical
mass exists global minimum and maximum regardless of
its periodic feature. Thus, it must have dmres /dt = 0 at
two extreme points and the time exposure blows up accordingly. Additional local extrema can also contribute
to peaks, leading to the multi-peak scenario.

(7)

It effectively leads to time oscillating A0 mass today as

m2A0 (t) = m̃20 1 + κ cos2 (mφ t) ,
(8)


p
2
2
2
0
∗
∗
m̃0 = m0 + (g Qφ ) φ1 φ1 + φ2 φ2 − x2 + y 2 , (9)
p
κ ≡ 2(g 0 Qφ )2 x2 + y 2 /m̃20 ,
(10)
where κ is the amplitude of the oscillation, x = |φ1 |2 −
|φ2 |2 and y = φ1 φ∗2 + φ∗1 φ2 . Thus, the oscillation mass
is fully determined by three parameters, m̃0 , κ and mφ ,
with the phase removed by the definition of t = 0.

where a factor of 2 is multiplied since each mass appears
twice in one period. The probability density function
(PDF),
f (y) =

π

2y
p
,
2 ) (y 2
2
(y 2 − ymin
max − y )

(12)

is normalized between y ∈ [ymin , ymax ]. Indeed, the time
exposure diverges at the minimum and maximum of the
resonant mass bin in Fig. 1. After including the detector
resolution, it becomes finite and shows the double-peak
feature. The right peak contains larger probability than
the left one, because f (y) ∝ y. One can evaluate the
probability difference contained in the two peaks,
R ymax
f (y)dy ∆→0 r ymax
ymax −∆
−−−→
,
(13)
R ymin +∆
ymin
f (y)dy
ymin

which is a factor of 2 difference for κ ∼ O(15).
If the data taking duration lasts much longer than the
oscillation
√ period, texp  τ , the events will run between
m̃0 and 1 + κm̃0 many times. In this case, the normalized mass spectrum f (y) fully describes the data distribution, without explicit dependence on t, initial oscillation
phase, or mφ . Since Lyman-alpha constraints require
mφ & 2 × 10−20 eV [39] suggesting longest oscillation
period of about one day, most of the experiments satisfy
the texp  τ condition.
For simple connection to ultraviolet complete model
parameters, we assume arg[φ1 ] = arg[φ2 ] or φ2 = 0 to
have

m̃0 = m0 , κ ≡ 2(g 0 Qφ )2 ρDM / m2φ m20 .
(14)
Moreover, we are interested in parameter space m0 ∼
O(0.1) GeV and κ ∼ O(10), connecting to luminosity
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Collaboration Production mode

LHCb [30–32]

pp → A0

Experimental environment
√
s ≈ 10 GeV, 514 fb−1
√
s = 13 TeV, ∼ 5 fb−1

A1 [33]

e− Z → e− ZA0

Ee ∈ [0.180, 0.855] GeV

BaBar [29]

NA48/2 [34]

e+ e−

π0

→

→

γA0

γA0

1.69 ×

107

π0

→

γe+ e−

events

Spectrum

Resolution σre

Fit window

Range of mA0

[1.5, 8] MeV

mA0 ± 10 σre

[0.02, 10.2] GeV

mee , mµµ

mee

0.5 MeV

mA0 ± 3 σre

[0.040, 0.300] GeV

mee

[0.16, 1.33] MeV

single bin

[0.009, 0.120] GeV

mµµ

[0.12, 380] MeV mA0 ± 12.5 σre [0.214, 69.8] GeV

Table I. The summary table for experiments using the dilepton resonance to search for A0 .
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The dark photon has been searched for in the dilepton
channels A0 → `+ `− (` = e, µ) with various production
mechanisms [29–34]. The general strategy is to fit the
dilepton invariant mass spectrum m`` with a given signal
hypothesis in a mass window broader than a few times of
the energy resolution σre . The upper limits on the production cross section can be translated into bounds on
2 as a function of mA0 . For a given mass window, we
fit the m`` spectrum with a quadratic or cubic function
and compare it to the observed data with and without
the signal events to get the likelihoods L and L0 , respectively. Then we require the log-likelihood ratio (LLR)
S ≡ −2 ln(L/L0 ) = 3.84, to obtain the upper limit for
signal event number [41].
We first recast the traditional single-peak resonance
signal method for dilepton experiments following the experimental setups summarized in Table I. Our recast results agree with the experimental results quite well, and
the calculations and methods are detailed in the Appendix [25, 29, 31–33, 42–47]. We next apply our timevarying resonance signal model to fit the background
data. According to the double-peak feature of the signal,
for a fixed mass window centering around mA0 , there are
two signal peaks to√fit, the minimum mA0 = m0 and the
maximum mA0 = 1 + κm0 . Thus one can obtain two
sets of 2 constraints as a function of m0 , accordingly.
For a given m0 , the best limit usually comes from the
maximum, as explained by Eq. (13). Interestingly, one
can even constrain m0 below the dilepton mass threshold
via the maximum peak; e.g. the dimuon limit of LHCb
extends to m0 much smaller than 2Mµ , as shown in Fig.
2.
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IV.
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Since the varying mass is larger than m0 , it generally
needs larger  to explain the muon (g − 2)µ anomaly. In
addition, the limit from (g − 2)e , ∆ae < 0.98 × 10−12 at
95% C.L. [40], can also be used to constrain the scenario.
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frontier experiments. Normally, the dark photon A0 with
muon coupling can contribute to (g − 2)µ as ∆aµ (mA0 ).
In the time-varying mass scenario, one should average
over time as
Z
1 τ
dt ∆aµ (mA0 (t)) .
(15)
τ 0
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Figure 2. Limits on mixing strength 2 as a function of mass
parameter m0 using the double-peak method for κ = 15 and
24, and the traditional limit (κ = 0) in gray dashed line. The
red-shaded region can provide a solution to (g − 2)µ .

Besides Table I, other experiments such as APEX [48],
HADES [49], KLOE [50–53], PHENIX [54] and
WASA [55], generally provide relatively weaker constraints on 2 in interested parameter space. Hence, for
simplicity we recast their results by rescaling the limits
on  according to the time exposure in a bin.
The constraints on our time-varying signal model from
above experiments are plotted in Fig. 2. We can see
that for m0 & 10−2 GeV and κ ∼ O(10), current experiments constrain 2 & 10−7 −10−5 , around 1 order weaker
than the traditional single-peak bounds, whose envelop
is shown as gray dashed line labeled as κ = 0. Especially,
the excluded muon gµ –2 solution becomes viable.
There are beam dump experiments E774 [42], E141
[43] and NA64 [44]. They set limits on A0 → `+ `− based
on the number of signal event N (, mA0 ), for given  and
mA0 . The A0 is produced at beam dump and propagates
a distance according to its lifetime and decay branching
ratios to `+ `− . We can translate the experiment upper
limit on event number of A0 decay, e.g. 17 events for
E774, to our scenario, by simply time average the signal

4
events as
1
τ

Z

τ

N (, mA0 (t))dt,

(16)

0

(m A' /m0)2

and compare it with the upper limit as shown in Fig. 2.
The detailed estimation of N (, mA0 ) is given in the Appendix.
16
14
12
10
8
6
4
2
0.0

κ=15

if the total number in the ith mass bin is Ni , we have
the number of data in ith mass bin and jth time bin as
Ni,j = Ni ∆tj /τ . For a fixed mass bin (horizontal gray
shaded), we pick up the two red bins in Fig. 3, which
contain the signal. Adding the data in red bins together,
we have
Z
1 mi+1 dt
red
dmA0 ,
(17)
Ni = Ni
τ mi
dmA0
forming a new set of data Nired . Then, our previous calculation using the double-peak method can simply apply.
In this method, the signal event number is unaffected
while the background event is suppressed by a factor of
R
1 mi+1
dt
0
τ mi
dm 0 dmA . Fig. 4 shows the projected sensitivA

0.2

0.4

0.6

0.8

1.0

t/τ
Figure 3. The resonant mass grid can generate the time grid
following the signal curve (black). For a fixed row (gray),
two particular bins (red) are chosen in the time-dependent
method.

ities using time-dependent analysis for NA48/2, BaBar,
and LHCb as examples. Indeed it improves the limits
compared with the double-peak method by 1–2 orders of
magnitude. The smaller the invariant mass resolution is,
the larger improvement is. However, if the mass bin is
too small, the analysis will suffer from the statistic error
due to small Nired .
VI.

V.

IMPROVING BY THE TIME-DEPENDENT
METHOD

Previous calculations do not exploit the recorded time
information of the events and the relevant two parameters are κ and m0 . The experiments can reanalyze the
data using both invariant mass and time information, because the signal events only happen at certain time t and
mass mA0 (t), as shown in Fig. 3. In principle, the experiments can figure out not only κ and m0 but also mφ and
initial phase.
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NA48/2

DPM: double-peak method LHCb
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10-1

Due to small g 0 Qφ , the dominant decay channels of
A are SM fermions. However, it is possible that A0
decays to invisible particles dominantly. It has been
searched by several experiments including BaBar [56],
BES-III [57], NA64 [58] and NA62 [59]. We will briefly
discuss how time-varying scenario can affect the results.
BaBar and BES-III have studied the monophoton channel, e+ e− → A0 γ with√invisible √
A0 . The photon energy
2
is Eγ = (s − mA0 )/(2 s) with s being total collision
energy. With time-varying mA0 (t), Eγ extends to a spectrum determined by the following differential,
0

τ
dt
= p
,
dEγ
π (Eγ − Emin ) (Emax − Eγ )

)μ
g -2

10-5
10-6

INVISIBLE DARK PHOTON

BaBar
1

m0[GeV]

Figure 4. The comparison on mixing strength 2 between
double-peak method and time-dependent method for BaBar
[29], LHCb [30–32] and NA48/2 [34].

With no time information in hand, we assume the observed data has a flat probability in time to estimate
the signal sensitivity. We adopt the same mass grid as
the experiment and it automatically generates the time
grid using the signal mass function mA0 (t). Specifically,

(18)

√
2
where E
min ≡ (s − (1 + κ)m0 )/(2 s) and Emax ≡ (s −
√
m20 )/(2 s). Then, the analysis is similar as visible A0 ,
by substituting invariant mass bin to photon energy bin
and it is expected to weaken the limit. The exception
√
happens for very small m0 satisfying m20 < 2 sσγ /κ,
with σγ being the photon energy resolution. In this case,
the limit will be unchanged because both Emin and Emax
fall into the same photon energy bin.
The electron beam dump experiment NA64 [58] studies the process e− Z → e− ZA0 for invisible A0 . The signal events are selected with Emiss > 50 GeV and other
cuts on electromagnetic and hadronic calorimeter energies. Since Emiss is much larger than interested mA0 , the
cut efficiency should not significantly depend on mA0 .
Therefore, the dominant effect of time-varying mA0 will
show up in the production rate, scaling as m2e /m2A0 [46].
Thus one can take the time average for this factor to
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1

m0[GeV]

Figure 5. Limits on mixing strength 2 as a function of mass
parameter m0 using the double-peak method for κ = 15 for invisible dark photon searches (BaBar [56], BES-III [57], NA64
[58] and NA62 [59]).

estimate the weakening of the limits. Another beam
dump experiment NA62 [59] focuses on invisible A0 from
π 0 → γA0 , where A0 mass is reconstructed using the process K ± → π ± π 0 as m2res = (pK ± − pπ± − pγ )2 . One can
use double-peak method to analyze the data and set the
new limits.
The results are shown in Fig. 5, in which the (g − 2)µ
parameter space has been fully excluded, even for the
time-varying signal. To have a dark photon (g − 2)µ solution, we shall assume the invisible decay channel is subdominant.

VII.

Besides collider and beam dump experiments, there
are other constraints to clarify. Firstly, the coupling
g 0 Qφ should be small to avoid φ thermalization via selfscattering and scattering with normal matter via f φ →
f φ or f f¯ ↔ φφ∗ . Secondly, the A0 → φφ∗ decay could
freeze-in φ as a hot relic, which should be very small. For
interested parameter space m0 ∼ O(0.1) GeV, the coupling g 0 Qφ around 10−6 –10−10 , is small enough to satisfy
the above requirements for mφ ∼ 10−20 –10−17 eV, while
keeping κ ∼ O(10). Moreover, in the early Universe, the
field value of φ is much larger than today. Thus, a heavy
A0 mass helps to evade the thermalization and freeze-in
constraints. For ultralight scalar, the black hole superradiance can exclude some mass regions but not all the
interested regions [60, 61].
At 1-loop level, the SM fermion mass can receive a
QED-like correction from A0 interaction,
2



m20 + 2(g 0 Qφ )2 φ∗ φ
m20

VIII.

CONCLUSION

We have introduced time-varying resonant mass and
found it can lead to double-peak feature in the invariant
mass spectrum, which can help to evade the dilepton
and missing mass resonant searches at collider and beam
dump experiments. Moreover, the mass spectrum is independent of time if the experiments last longer than the
oscillation period. A concrete model is discussed with ultralight complex scalar DM inducing an oscillating mass
for kinetic mixing dark photon. For mass around tens of
MeV, the already excluded muon (g − 2)µ solution from
A0 becomes viable again, and it can be further tested
by reanalyzing the existing data with timing information.
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certain φ field distribution around massive objects, such
as Cassini stochastic, binary pulsars tests [62, 63], atomic
clocks [64, 65], torsion balances [66–68], and MICROSCOPE space experiment [69], their constraints do not
apply. As for the traditional fifth force experiments
[70, 71], even for the quadratic coupling, it only provides
a loose bound [11, 72], which can be easily satisfied for
small  and g 0 Qφ . The constraints from Big Bang nucleonsynthesis due to the enhanced φ value [11, 73], can be
easily evaded in our scenario thanks to the logarithmic
coupling.


,

with mA0  mf . This leads to a logarithmic coupling
between (φ∗ φ) and fermion mass operator, and its Taylor expansion can not be naively truncated due to large
κ, hence is totally different with the linear and quadratic
couplings. Especially, for these experiments relying on
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Appendix A: Appendix

We show the detailed log-likelihood ratio (LLR) calculations for the collider and beam dump experiments
respectively. The recasts are in good agreement with the
existing experimental limits, therefore the calculations
for time-varying signals are robust.
1.

Collider experiments

The BaBar collaboration collected 514 fb−1 data at
the vicinity of the Υ(4S), Υ(3S) and Υ(2S) resonances
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and mR =
m2µµ − 4Mµ2 spectrum up to ∼ 10 GeV
with a uniform bin size of 100 MeV in the main text,
and the zoomed in spectrum for mee ∈ [17.8, 62.2] MeV
(mR ∈ [0.522, 77.4] MeV) with a bin size of 0.5 MeV (1.0
MeV) in the supplemental material. We refer the former and latter as the low- and high-granularity datasets,
respectively.
To recast the BaBar results, we first generate the artificial high-granularity data for the whole mass spectrum.
For mee < 62.2 MeV (mR < 77.4 MeV), we adopt the
high-granularity data themselves; while for higher mass,
we use the interpolation of the low-granularity data, including appropriate statistical smearing. We assume the
bin size increases linearly with resonant mass and keep
the total number of the data to be Ne (Nµ ) respectively.
The resolution σre is also assumed to be increasing linearly. Finally, for a given mass point mA0 , we fit the
artificial data in the mass window mA0 ± 10 σre . The
LLR is defined as
Q


Max~a0 i N (Bi − B(mi , ~a0 ) − SfG (mi )|Bi )
Q
− 2 log
,
Max~a i N (Bi − B(mi , ~a)|Bi )
(A1)
where Bi is the background event number in the ith mass
bin, and
B(mi , ~a) = a0 + a1 mi + a2 m2i ,

(A2)

is the background fitting function with mi being the center value of ith bin for mee or mR , while


x2
1
2
exp − 2 ,
N (x|σ ) ≡ √
(A3)
2σ
2πσ
is the normalized Gaussian distribution and S is the total
signal event number. fG (mi ) is the signal template without the time-varying effect, and after detector smearing
it is defined as
2
fG (mi ) = N (mA0 − mi |σre
).

(A4)

It is worth mentioning that in the LLR calculation only
statistical error is considered and there is an extra Jacobi
factor for the dimuon channel from the definition of mR .
After requiring LLR = 3.84, we obtain the limits on
the allowed signal total event S. They can be used to
unfold the limit on σ(e+ e− → γA0 ) via the acceptance
factor 0.15 (0.35) in the dielectron (dimuon) channel respectively [29]. We found our simulated results are consistent with BaBar’s results as shown in Fig. 6 for both

σS [fb]

102

BaBar: Dielectron Search

101

1

BaBar

102

σS [fb]

to search for e+ e− → γA0 process, with A0 → e+ e− and
µ+ µ− decay channels within a mass range 0.02 GeV <
mA0 < 10.2 GeV [29]. A total of Ne = 5704 (Nµ = 5370)
mass hypotheses are searched in the e+ e− (µ+ µ− ) channel respectively. For a given mass mA0 , an interval of
mA0 ± 10 σre is used to perform the fits, where σre is
the energy resolution at mA0 , varying from 1.5 to 8 MeV
in the whole mA0 range. Even though the full data is
not given in q
Ref. [29], there are available data of mee

BaBar Recast

BaBar: Dimuon Search

101
1

BaBar
10-1
0

2

4

BaBar Recast
6

8

10

mA' [GeV]
Figure 6. The upper limit on signal cross-section without the
time-varying effect, as a function of mA0 in dielectron (up)
and dimuon (down) channels for BaBar, where the existing
and recasted limits are plotted as solid and dashed lines respectively.

e+ e− and µ+ µ− channels. Therefore, our artificial data
and LLR calculation are robust.
Returning to the time-varying scenario, the signal invariant mass spectrum follows the probability density
function f (y) in the main text, with y = mres /m0 .
Adding the smearing effect, the signal template becomes
Z mmax  0 
m
2
fS (mi ) =
f
N (mi − m0 |σre
)dm0 , (A5)
m0
mmin
√
with mmin = m0 and mmax = 1 + κm0 . In the dimuon
channel, the additional Jacobi factor should be taken into
account as mi refers to mR not mµµ . The time-varying
scenario is then fitted by using fS in Eq. (A1) instead of
fG . As fS peaks around mmin and mmax , for a given mA0
we perform
two independent fits for m0 = mA0 and m0 =
√
mA0 / 1 + κ respectively. Therefore, given a mA0 we can
obtain two sets of limits on the allowed S corresponding
to left and right peaks respectively.
To reduce the systematic uncertainties, we take the
ratio of S from the time-varying resonant mass scenario
fS and the single mass fG , to rescale the 2 constraints
from the BaBar measurement [29]. Then, we obtain two
sets of 2 limits√as functions of mA0 , for m0 = mA0
and m0 = mA0 / 1 + κ respectively, and for each flavor
channel. They can be translated to 2 limits as a function of m0 . Since the right peak of fS is usually higher
than the left peak, for a given m0 , the most stringent
constraint
√ usually comes from the mass window around
mA0 = 1 + κm0 . This is adopted as the BaBar constraints on our time-varying resonance scenario.
A similar strategy is applied to recast and reinterpret
the LHCb measurements in the pp → A0 → µ+ µ− channel, with an integrated luminosity of ∼ 5 fb−1 . We take
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target, A0 must have a lifetime with macroscopic scale.
To simplify our analysis, we employ the estimate of the
A0 signal event number following Refs. [25, 45–47],

10-4
10-5

10-8

m2e −a1 Lsh ΓA0
e
(1 − e−a2 Ldec ΓA0 ),
m2A0
(A6)
where Ne is the total electron number in experiments,
C 0 is a parameter defined in Ref. [46] with typical value
of 10, a1 and a2 are fitting parameters, ΓA0 is the decay width of A0 , Lsh is the distance of the end of the
shield and Ldec is the distance of detector from the collision point. The constraints are obtained by requiring
N (, mA0 ) equal to the allowed signal events, for example
17 events for E774. We adjust the fitting parameter a1
and a2 to reproduce the original results from the experiments. The results are shown in Fig. 8 and one can see
the fits are quite well.
N (, mA0 ) = Ne C 0 2

10-7
A1

10-9

A1 Recast

10-1

LHCb

1

LHCb Recast

101

mA' [GeV]
Figure 7. Limits on mixing strength 2 as a function of mass
parameter mA0 in A1 and LHCb without the time-varying
effect, where the existing and recasted limits are drawn as
solid and dashed respectively.

the mµµ data from Ref. [32], and use the method described in Ref. [31] to fit the data and obtain the allowed
0
2
2
signal event S. Fortunately, the nA
ex [mA0 ,  ]/ spectrum
is provided in the supplementary material of Ref. [31],
which contains the signal efficiency to unfold the limit
on S to 2 . Assuming the Gaussian smearing of the signal, we have perfectly repeated the LHCb constraints as
shown in Fig. 7. Again, we replace fG with fS to obtain
the bounds for the time-varying scenario. Similar to the
BaBar experiment, for each mA0 we perform two fits for
the double peaks respectively. They can be translated to
2 limits as a function of m0 for the LHCb experiment.
An analogous procedure is performed to A1 experiment
in the fixed-target electron scattering process e− Z →
e− ZA0 , A0 → e+ e− for 0.040 GeV . mA0 . 0.300 GeV
in 2014 [33]. With the data taken from Ref. [33], the well
consistent exclusion limits are recasted with the Gaussian
smeared signal, as shown in Fig. 7. Similar to BaBar and
LHCb experiment, the double-peak method is once again
applied to obtain new limits on 2 as a function of m0 .
2.

Beam dump experiments

The beam dump experiments E774 [42], E141 [43] and
NA64 [44], are all electron fixed-target experiments. The
dark photon A0 are dominantly produced by electron
Bremsstrahlung process, e− Z → e− ZA0 [45, 46]. The
A0 will travel some distance and decay before reaching
the detector. Since there is shielding behind the collision
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comparing with corresponding results obtained from experiments and early analysis shown in dashed lines.

Then, with the obtained a1,2 we constrain the timevarying scenario by replacing N (, mA0 ) with its time average, namely
Z
1
N (, m0 , κ) =
N (, mA0 (t))dt
(A7)
texp
√
Z 1+κm0
1
dt
=
N (, mA0 )
dmA0 .
τ m0
dmA0
Finally, setting N (, m0 , κ) to the allowed signal events,
we obtain the limits for the time-varying scenario.
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